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AbstractApical membrane recycling has been proposed to be important for normal hair cell function. The
current study reports an in vitro work that demonstrates the presence of phosphatidylserine (PS) and PS-positive
vesicles labeled by Annexin V in the apical portion of hair cells. The following characteristics of the PS-positive
vesicles were noticed using scanning confocal fluorescence microscopy:(1) variable sizes around 200 nm; (2)
variable distribution patterns (either uniformly along individual stereocilia in the hair bundle or irregular) in the
stereocilia from cell to cell; (3) variable sizes and numbers at locations along the border of the cuticular plate (CP),
with a large number of them located at the vestigal kinocilial location; (4) motility with some of the vesicles during
the observation period; (5) increase in PS labeling and the number of PS-positive vesicles after loud sound
stimulation; and (6) decreased PS labeling and PS-positive vesicle numbers following treatment with LY-294002, a
PI3 -kinase inhibitor. These results suggest that the presence of PS-positive vesicles at the apical area of hair cells
may be indicative of vesicle shedding or transportation of a protein or rafts.
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Introduction
Hair cells in the inner ear, as epithelial cells, are
primarily detectors of sound. They carry highly
specialized microvilli on their apical surface, i.e. the
stereocilia (Fig. 1). The stereocilia bundle movement
in response to sound vibrations gates an ionic current
that depolarizes the hair cell. Hair cells are
morphologically polarized, and a ring of tight junction
demarcates two major domains: an apical domain,
bathed in the high K + (low Na + and Ca2 + ) endolymph
environment, and a basal-lateral domain, surrounded
by a regular extracellular environment. Tight junctions
prevent protein and lipids in the outer leaflet of the
lipid bilayer from ready diffusion from one domain to
the other［１, 2］. . The apical pole of the cells is a
trilaminate structure, consisting of three layers: the
plasma membrane, a cytoskeletal matrix, and the
membranous canalicular reticulum as shown in Fig.1.
In many epithelial cells, the plasma membrane is
strongly involved in exchanging metabolites,
transferring signals and providing a platform for the
assembly of multi-protein complexes[3]. The
phospholipids of the plasma membrane are non-
randomly distributed between the two leaflets of the
bilayer[4, 5]. The outer leaflet of normal cells primarily
contains phosphatidylcholine(PC) and sphingomyelin,
while in the inner leaflet the aminophospholipids,
including phosphatidylethanolamine(PE) and
phosphatidylserine (PS), dominate. Although
membrane lipid asymmetry has been known for many
years, the mechanisms for maintaining or regulating
the transbilayer lipid distribution are still not
completely understood. Three mechanisms have been
proposed over the past years: (1) "transfer mediated by
protein", such as lipid scramblase and floppase[6];(2)
"vesicle-based transportation"; and(3) "transfer via
regions of membrane continuity between organlles"[7].
In normal viable cells, PS, an aminophospholipid,
is located on the cytoplasmic surface of the cell
membrane. Upon induction of apoptosis, rapid
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alterations in the organization of phospholipids in most
cell types occur, leading to exposure of PS on the cell
surface ［8］. Exposure of negatively-charged PS is
considered a hallmark of early apoptosis. The loss of
phospholipid asymmetry appears to result from many
pathological events. However, recent studies also show
that surface-exposed PS may serve several important
physiological functions that are independent of
apoptosis. It is involved in assembly of enzyme
complexes of the coagulation cascade, functions as a
signal for cell-cell recognition, and participates in the
processes of cell proliferation and fusion [9, 10].
Studies from different mammals have shown
multivesicular bodies located in the apical zone of
inner hair cells (IHCs) and outer hair cells (OHCs)［11,
12］. Also, through thin-section and freeze-fracture
electron microscopy, Kachar et al. (1997) have found
an intense vesicular traffic in a narrow band of
cytoplasm around the cuticular plate of bullfrog
vestibular hair cells. Coated and uncoated vesicles
associated with longitudinally oriented microtubules
populate the narrow cytoplasmic region between the
cuticular plate and the actin network of the apical
junctional belt. It has been hypothesized that the
characteristic distribution of microtubules around the
cuticular plate may represent a pathway of vesicle
transportation across the apical region of the hair cells.
In the current study, we demonstrated that PS
expression was restricted to the apical domain of IHCs
and OHCs by labeling with fluorescein-conjugated
Annexin V, a phospholipid binding protein that
has a high affinity for negatively charged
aminophospholipids, such as PS ［13］. PS-positive
particles were found on the stereocilia and in the
cuticular plate area of the apical zone of OHCs and
IHCs. We investigated their modulation by sound
stimulation and PI3-kinase inhibition.
Materials and methods
Subjects
Experiments were performed using 25 albino
guinea pigs(200 - 250 g), obtained from the Charles
River Laboratories. The outer/middle ears were
confirmed to be healthy by otomicroscopy. All animals
had a positive Preyer reflex. The animals were divided
into three groups:(1) controls to determine the basal
level of PS expression and the distribution of Annexin
V binding to vesicles (n = 5); and (2) two experimental
groups to determine changes in PS expression and
distribution of PS-positive vesicles in response to
either loud sound stimulation (n = 5) or LY-298004
treatment (n = 4). Observation of isolated hair cells and
whole mount tissues were performed in 11 animals. All
procedures in this study were reviewed and approved
by the Institutional Animal Care and Use Committee at
Oregon Health & Science University.
Perilymph perfusion of LY- 298004, a
PI3-kinase inhibitor, to block cellular vesicle
trafficking
Animals were anesthetized via intraperitoneal
Fig. 1 Three-layer
organization of the
apical pole in a hair
cell. The innermost
layer is composed of
a membrane bound
organelle called the
canalicular reticulum
(CR); A cytoskeletal
structure called the
cuticular plate is lo-
cated between the
CR and the outer lay-
er of the plasma
membrane.
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injection of ketamine HCl(40 mg/kg) and xylazine (10
mg/kg) (Abbott Laboratory). All animals were
tracheotomized and breathed naturally. During the
experiment, the animal was placed in a supine position
Fig. 2 Fig. 2 Signal optical slice confocal images showqing locations of PS externalization and F-actin in fixed and permeabi-
lized IHCs. Panel A, Actin (Phalloidin); Panel B, PS (Annexin V). The longer arrow points to a particle, the shorter arrow points
to vesicles appearing at the vestigal kinocilium area, where there are few actin filaments; Panel C, a combined image of Panel A
(actin, red) & Panel B (PS, green).
Fig. 3 Signal opti-
cal slice confocal
images showing lo-
cations of PS-posi-
tive particles and
F-actin in OHCs.
Panel A, PS (Annex-
in V). An arrow
points to a vesicle
located at the tips of
stereocilia; Panel B,
PS-positive parti-
cles (Annexin V)
distributed among
the stereocilia of
OHCs; Panel C
shows PS-positive
particles distributed
at the border of the
cuticular plate with
a "neck-lace" pattern; Panel C is a double labeling image by Annexin V (green) and phalloidin (red). The arrow points to particles
appearing at the vestigal kinocilium location, where there are few actin filaments.
Fig. 4 A Z-stack (0.5 μm) of two confocal images. Panel A shows a group of vesicles (Annexin V label, green) nearby the top of
stereocilia, with no contact with stereocilia (arrows); Panel B, the arrow points to a number of vesicles in the lower part of stereocil-
ia; Panel C, the arrow points to vesicles in the cuticular plate.
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and the rectal temperature was maintained at
approximately 38℃ using a thermostatically controlled
heating blanket. The left bulla was opened via a lateral
and ventral approach. Two small fenestrations into the
cochlea were made by thinning the bony cochlear wall
over the scala tympani at the basal turn and opening
the apical turn with a fine needle. A perfusion
micropipette was inserted into one fenestration, sealed
in place with tissue cement, and connected to a syringe
pump. Artificial perilymph containing LY-294002(10
μM, Sigma) was pre-perfused into the cochlea for 1
hour at the rate of 2.5 μl/min. Cochlear tissues were
then dissected and subsequently incubated with
LY-294002 plus Annexin V for 10 min.
Visualization of particles with Annexin V and
F-actin with Phalloidin
The auditory bulla was isolated. The the organ of
Corti in the second turn was removed and incubated in
a petri-dish in artificial perilymph solution containing
NaCl 125 mM, KCl 3.5 mM, glucose 5 mM, HEPES
10 mM, CaCl2 1.3 mM, MgCl2 1.5 mM and NaH2PO4.
H2O mM at room temperture, pH 7.4, osmolarity 300
mOsm containing Annexin V-FITC (1:50) (Molecular
Probes), labeled for 10 minutes and then washed in
fresh saline for 10 minutes.
F-actin was labeled by Phalloidin-Alexa Fluor
569(1:50) (Molecular Probes). The specimen was
pre-incubated with annexin V-FITC and then fixed in
4% paraformaldehyde for 4 hours, washed with 0.02%
PBS for 30 min and then permeabilized in 0.5%
triton-X 100 for 1 hour. It was stained with Phalloidin
for 1 hour before being viewed for Annexin V-FITC
labeling under a Nikon TE 300 inverted microscope on
a Bio-Rad MRC 1024 confocal imaging system, using
a × 60(numerical aperture, 1.40) oil lens. Acquired
images were edited with Photoshop V. 7.0 (Adobe
Systems, San Jose, CA).
2.4 Ｔhe modulation of PS-positive particles with
loud sound
To determine the effects on the distribution of
PS-positive particles by loud sound, animals were
exposed to broad-band noise at 120 dB SPL
(A-weighted) for one hour followed by harvest of
tissues of the organ of Corti and labeling with annexin
V-FITC to examine distribution of PS-positive
particles. Results
PS externalization and distribution pattern of
PS-positive particles in the organ of Corti
In the in vitro preparation of whole mount organ
of Corti, small Annexin V-FITC bound particles were
seen at various locations along the stereocilia of both
IHCs and OHCs. Their sizes were around ~ 200 nm,
near the lower resolution limit of the confocal
microscopy. Most of these particles were at locations
close to the tip of stereocilia(Fig.2B & C; Fig.3A & B,
arrows), but they were also seen at the border of the
cuticular plate regions of IHCs and OHCs with a
"neck-lace" like pattern(Fig. 2B and 3C & D, arrows).
Numerous aggregated particles were found in the
cuticular plate and at the vestigal kinocilial location in
both IHCs and OHCs(Fig. 2B; Fig. 3D). Some
Annexin V-FITC bound bead-like particles were
nearby stereocilia, possibly released from cytosol (Fig.
4 A & B).
Effects on PS externalization and the number of
PS-positive particles in IHCs by loud sound and
LY-2984002 treatment
Following loud sound stimulation, Annexin
V-FITC labeling revealed much stronger Annexin V
fluorescent signals in the apical membrane surfaces,
and increased aggregated bead-like particles irregularly
distributed in the IHC stereocilia (Fig. 5B).
Significantly decreased Annexin V-FITC
fluorescent signals were observed at the hair bundle of
HCs after normal cochlear tissues were pre-treated
with LY - 294002, a PI3-kinase inhibitor, indicating the
relation between cellular vesicle transportation activity
and PS exposure (Fig. 5B).
Effects on PS externalization and the number of
PS-positive particles in OHCs by loud sound and
LY-2984002 treatment
In animals exposed to loud sound, both Annexin
V-FITC fluorescent signals in the apical membrane
surfaces and the number of aggregated bead-like
vesicles on the stereocilia of OHCs increased (Fig.
6C). Fig. 7D shows PS labeling in the third row OHCs
at a high magnification for better visualization of the
distribution of PS-positive particles. Decreased
Annexin V-FITC fluorescent signals and significantly
reduced number of particles were observed in the hair
bundle of HCs in animals pre-treated with LY - 294002
(Fig. 6E & F).
Discussion
PS exposed to the outer leaflet of the plasma
membrane in the hair cell apex
Phosphatidylserine(PS) is a negatively charged
phospholipid normally confined to the cytoplasmic
leaflet of the mammalian cell membrane. PS
externalization is observed during cell membrane
fusion, aging, and apoptosis[14, 15]. Anneixn V is a
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35 ~ 36 KD Ca2 +-dependent negatively charged
phospholipid-binding protein that has a high affinity
for PS. It is used to identify apoptotic cells as it binds
to PS that becomes exposed on the plasma membrane
outer leaflet as a pre-apoptotic marker[13]. In this study,
in vitro staining of the whole mount organ of Corti
with Annexin V revealed PS in the inner and outer hair
cell stereocilia and in their cuticular plates. The
strongest labeling was found to be on IHCs. Hair cells
with regional PS externalization had high
mitochondrial membrane potentials. Regional PS
exposure was not affected by apoptotic blockers as
tested in our previous study［16］. The results strongly
suggest that local exposure of PS is not correlated with
a cellular apoptotic response. Regional externalization
of PS in the stereocilia and the cuticular plate in HCs
may indicate that plasma membrane structure and/or
lipid composition between the apical hair cell
membrane and baso-lateral wall membrane or their
membrane cycling are different in cochlear hair cells.
This conclusion is consistent with an earlier study that
showed that the apical surface of the membrane
differed significantly from the rest of the cell
membrane, and that the apical surfaces of outer hair
cells were also functionally and structurally distinct
from the surface of supporting cells [1].
The relatively large amount of PS and PS
externalization at the apical membrane of hair cells,
especially in IHCs, suggests an unknown role by PS
exposure in hair cell metabolic processes in vitro.
Some possibilities are:(1) PS presence, as "an active
zone", may play a trans-membrane and
membrane-signaling role and be involved in vesicle
fusion and exocytosis processes in the
apical-membrane during local membrane cycling. It
has been recognized that PS becomes exposed during
normal tissue remodeling. For example, the transverse
Fig. 5 Signal optical slice confocal images of IHCs with
Annexin V staining under non-stimulated, loud sound
stimulated and LY-294002 treated conditions. Panel A
shows PS exposure and bead-like PS-positive particles in
IHCs (arrow points to the cuticular plate of an IHC), under
non-stimulated condition; Panel B & C show PS
externalization and PS-positive particles in the IHC
following loud sound stimulation and LY-294002 treatment
(arrow points to the cuticular plate of an IHC).
Fig. 6 Signal optical slice confocal images of OHCs with Annexin V staining under non-stimulated, loud sound stimulated and
LY-294002 treated conditions. Panel A & B show PS externalization and bead-like PS-positive particles in third row OHCs under
non-stimulated condition; Panel C & D show PS externalization and bead-like PS-positive particles in third row OHCs after loud
sound stimulation; Panel E & F show PS externalization and bead-like PS-positive particles in third row OHCs after LY-294002
treatment (Panel B, D & F are high magnification images of Panel A, C & E).
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movement of phospholipids in the plasma membrane
of a hepatocytic cell line may implicate a biliary lipid
secretion［17］. PS exposure on the majority of B cells in
vivo also plays a role in receptor-mediated signaling
events[18]; (2) PS presence may increase apical
membrane fluidity. It has been reported in an earlier
study that hair cell cilia contain less
phosphatidylethanolamine and choline phospholipids
but more phosphatidylserine and phosphatidylinositol
than the rest of the cell. PS contains proportionally
more unsaturated fatty acids and therefore may result
in higher fluidity and mobility in the leaflets, making
the local cell membrane compatible with hair bundle
movement. (3) PS has a net negative charge and
therefore may interact electrostatically at the surface of
the apical hair cell membrane with ionic currents
related to stereocilia displacement.(4) PS presence may
cause the apical membrane to show high affinity for
ototoxic antibiotics, such as neomycin and kanamysin.
A previous study by Hashino and Shero(1995) showed
that exposure of cochlear cultures to the ototoxic
aminoglycoside antibiotic neomycin led to rapid
formation of numerous membrane-filled protrusions on
the apical surface of the hair cells but not on the
surrounding supporting cells[2].
Manipulation of PS externalization and
PS-positive particles in the apical portion of sensory
hair cells
It is unclear what roles and functions the
PS-positive vesicles may play. Studies in different
mammals have shown multivesicular bodies located in
the apical zone of the mechanoreceptive sensory
IHCs[12]. The hair cells can take up membrane from its
apical surface and show strong endocytotic activity[2, 11].
In this study, relatively uniform vesicles were seen on
the apical surface of hair cells in non-stimulated
animals, with sizes close to the resolution limit of the
system at 200 μm (Fig. 2 B). Greater size vesicles
were seen in the basal body (vestigal kinocilia area,
Fig. 3D). Some vesicles were not in contact at all with
the apical membrane(Figure 4). These seem to indicate
that PS-positive particles may be early endosomes or
shedding vesicles from apical hair cells.
To determine if PS-positive particles are related
with lipids and protein transport in the apical domain,
effects of manipulation of intracellular membrane
recycle factors on the PS-positive particles were
studied. LY-294002 inhibits PI3-kinase mediated
endocytic and exocytic transportation. The
significantly decreased PS externalization and
reduction in the number of particles in the surface
apical - membrane in animals treated with LY-294002
(Fig. 6C, E & F), probably as a result of vesicle
transportation blockage, indicate that the dynamic
intra-organelle movement of lipids between cytosole
and the outer leaflet of the apical membrane of hair
cells may be mediated via a vesicular pathway.
To examine the relation between PS
externalization and presence of PS-positive particles to
changes in levels of hair cell metabolism, animals were
subjected to a intense noise exposure. Increased PS
labeling and aggregated vesicles in the apical
membrane domain were subsequently observed in both
IHCs and OHCs(especially IHCs) (Fig. 6B), possibly
related to increased requirements for restoration of
lipids and proteins from cytosole to hair stereocilia
during a period of high stimulation. Sound stimulation
may also cause influx of calcium into the sensory cells
apical domain. Calcium ions are known to be
important to the process of signal transduction across
the apical and basal sides of the hair cells and high
calcium levels have been observed in sensory cells
during loud sound stimulation in various noise
experiments[19, 20]. Exocytic fusion reactions triggered
by calcium are widespread in neural, endocrine,
exocrine, hemapoetic and perhaps all cell types［21, 22］..
Therefore, increased calcium levels by loud sound
may contribute to accelerated vesicle transportation in
apical membrane of sensory cells.
PS-positive "bead-like" particles may serve to
transport, as a special "cargo", phospholipids and
proteins in the apical domain of hair cells. However,
further studies are clearly neededto determine the
mechanism and function behind this phenomenon.
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